INTRODUCTION
============

Cancer cell invasion and migration during metastasis are hallmarks of cancer progression ([@B23]; [@B42]). There is an interdependent relationship between cell adhesion, migration, and the cellular microenvironment, where cells interact with their surrounding extracellular matrix (ECM), and in turn, the ECM mechanically changes in response to the cells' behaviors ([@B39]; [@B50]). Mechanical cues from the ECM are sensed by the cell and converted to intracellular signals that direct cell protrusions, elongation, polarity, and migration efficacy ([@B45]; [@B41]; [@B10], [@B13]). Cells can sense and respond to an array of ECM cues, including matrix alignment, stiffness, protein composition, and structural heterogeneities, by altering their migration behavior ([@B44]; [@B21]; [@B35]; [@B6]). Moreover, metastasis and metastatic cell migration are associated with an epithelial-to-mesenchymal transition, which is affected by both biochemical and mechanical cues within the cell and its local microenvironment ([@B27]; [@B66]; [@B29]; [@B23]; [@B19]; [@B43]). To effectively migrate through the complex architecture of the stromal ECM and ultimately to new locations throughout the body, cancer cells need to expend energy, generally via the dephosphorylation of ATP into ADP ([@B58]). However, the energy needs of cells during migration are not yet well understood.

Proper regulation of ATP:ADP levels is critical for cell health and essential cell functions, as the ATP:ADP ratio serves as the principal regulator of cellular metabolism that drives many cellular reactions ([@B15]; [@B23]; [@B9]; [@B34]; [@B65]). ATP is not kept in abundance or stored in cells as other biomolecules are, but rather its production is increased to match the demand of cellular activity ([@B4]; [@B31]; [@B1]; [@B64]). Previous literature has used molecular ATP sensors, such as PercevalHR, to observe and quantify energy levels inside cells during various cellular activities with a focus on metabolic processes including glycolysis and oxidative phosphorylation ([@B37]; [@B57]). Not surprisingly, hindering, bypassing, or generating new metabolic pathways affects ATP levels ([@B25]; [@B56]; [@B62]; [@B26]). Changes in hypoxia also affect ATP and ADP levels ([@B3]; [@B60]; [@B55]). While our knowledge of ATP:ADP regulation is growing, currently there are no studies investigating ATP:ADP levels as a function of matrix architecture during migration.

Here we investigated the effects of collagen architecture on ATP utilization in metastatic cells. We employ a genetically encoded fluorescent biomarker, PercevalHR ([@B53]), to determine how collagen density and fiber orientation affect energy regulation in MDA-MB-231 cancer cells during migration. PercevalHR binds to both conformations of ATP and ADP and can be utilized to determine a concentration-independent ATP:ADP ratio as a metric of intracellular energy ([@B54]; [@B65]). Interestingly, an increase in collagen density decreases cellular migration while simultaneously increasing the intracellular ATP:ADP ratio, glucose uptake, and ATP hydrolysis. Time-lapse studies demonstrated that changes in intracellular ATP:ADP ratio were directly correlated with changes in cell stepwise velocity during migration. Aligned collagen matrices, known to facilitate cell migration ([@B44]; [@B11]), increased cellular migration while decreasing intracellular ATP:ADP ratio, glucose uptake, and ATP hydrolysis. Pharmacological inhibition of motility by inhibiting contractility and actin polymerization resulted in a decrease in ATP:ADP ratio. These results indicate that ECM architecture mediates energy utilization in cells and that the PercevalHR ATP:ADP probe is a promising tool for studying the thermodynamics of cancer migration in live-cell studies.

RESULTS and discussion
======================

Cellular ATP:ADP levels respond to glucose and serum concentrations in two- and three-dimensional culture
---------------------------------------------------------------------------------------------------------

In this work, we employ the novel use of the PercevalHR sensor in metastatic MDA-MB-231 breast cancer cells to examine the relationship between the local cellular microenvironment and ATP utilization during migration. To validate that heightened metabolic activity correlates with increased ATP generation, MDA-MB-231 cells expressing PercevalHR were seeded on glass culture dishes and cultured in increased glucose and serum levels for 24 h. Glucose increases ATP production via increases to both the substrate supply and Ca^2+^-dependent activation of mitochondrial enzymes ([@B16]; [@B31]). Here cells were cultured in media containing high excess glucose (25 mM), which is approximately five times higher than physiological glucose levels. The PercevalHR biomarker was imaged to quantify the relative ATP:ADP ratio inside migrating, live, single cells ([Figure 1A](#F1){ref-type="fig"}). In high-glucose environments, which increase cellular metabolism ([@B59]), but in the absence of serum, ATP:ADP ratios increased as a function of glucose concentration ([Figure 1B](#F1){ref-type="fig"}). Similarly, in standard (10%) serum levels, ATP:ADP levels increased with increasing glucose levels. Increased glucose levels with serum present resulted in overall higher ATP:ADP levels than without serum.

![Cellular ATP response to glucose and serum in two-dimensional culture. (A) Representative MDA-MB-231 cells expressing PercevalHR in two-dimensional culture demonstrating the sensor bound to ATP (green), ADP (blue), and PercevalHR ratiometric signal. (B) Quantification of PercevalHR ratio response to increasing glucose levels in the presence of 0 and 10% serum in two-dimensional culture (*n* = 30 cells from three independent experiments). (C) Quantification of PercevalHR ratio response to increasing percentage of serum in the presence of 0 and 25 mM glucose in two-dimensional culture (*n* = 45 cells from three independent experiments). Box-and-whisker plots show medians and 25th/75th and 5th/95th percentiles. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 for one-way ANOVA with Tukey's HSD post-hoc test. Scale bar = 20 μm.](1fig1){#F1}

A similar result was seen when cells were cultured without glucose and increasing serum levels, where increased serum concentration resulted in increased ATP:ADP ratio. In high glucose, the ATP:ADP ratio significantly increased with increased serum levels. Increasing serum levels overall resulted in higher ATP:ADP ratios when glucose was present compared with when glucose was absent ([Figure 1C](#F1){ref-type="fig"}). Together, these data indicate that high levels of glucose and serum allow cells to generate more ATP.

To investigate the effects of glucose and serum levels on the intracellular ATP:ADP ratio of cells seeded in three-dimensional environments, MDA-MB-231 cells expressing PercevalHR were cultured in various glucose and serum levels for 24 h in 1.5 mg/ml collagen matrices and imaged to quantify the ATP:ADP ratio ([Figure 2A](#F2){ref-type="fig"}). Similarly to cells cultured on two-dimensional surfaces in the absence of serum, increased glucose levels resulted in increased intracellular ATP:ADP ratio ([Figure 2B](#F2){ref-type="fig"}). In the absence of glucose, greater serum resulted in increased ATP:ADP ratio ([Figure 2C](#F2){ref-type="fig"}). Together, these data indicate that stimulating cells embedded in three-dimensional matrices with glucose or serum, which are known to increase metabolic activity, results in an increase in cellular ATP:ADP.

![Cellular ATP response to glucose and serum in three-dimensional collagen matrices. (A) Representative MDA-MB-231 cells expressing PercevalHR in a 1.5 mg/ml three-dimensional collagen matrix demonstrating the sensor bound to ATP (green), ADP (blue), and PercevalHR ratiometric signal. (B) Quantification of PercevalHR ratio response to increasing glucose levels in the presence of 0% serum and complete media (CM; 25 mM glucose, 10% serum) in three-dimensional collagen gels (*n* ≥ 20 cells from three independent experiments). (C) Quantification of PercevalHR ratio in response to increasing serum levels in the presence of 0 mM glucose in three-dimensional collagen gels (*n* ≥ 13 cells from three independent experiments). Box-and-whisker plots show medians and 25th/75th and 5th/95th percentiles. \*\**p* \< 0.01, \*\*\**p* \< 0.001 for one-way ANOVA with Tukey's HSD post-hoc test. Scale bar = 20 μm.](1fig2){#F2}

Interestingly, we found higher intracellular ATP:ADP levels in cells cultured in three-dimensional matrices versus two-dimensional surfaces, when cultured with the same extracellular conditions. Cells differ greatly in two- and three-dimensional environments in characteristics such as morphology, migration, focal adhesions, or gene expression ([@B61]; [@B49]; [@B67]; [@B17]). Furthermore, it has been shown that cells in three dimensions migrate faster and more often than cells in two dimensions ([@B22]). As such, faster and higher-frequency migration events observed in three dimensions would require increased cytoskeletal and focal adhesion remodeling, which demand increased ATP hydrolysis ([@B7]). Notably, greater motility and quicker cytoskeletal remodeling is observed in cancer cells with higher glycolytic activity ([@B48]).

These results signify that the PercevalHR sensor is sufficiently sensitive and effective at detecting changes in MDA-MB-231 intracellular ATP:ADP ratio caused by changes in glucose and serum. Further, this effectiveness was independent from whether the cells were seeded in two- or three-dimensional matrices, making these sensors ideal for investigating the thermodynamic process of cancer cell migration in three-dimensional matrices.

Matrix density affects migration efficacy and intracellular ATP:ADP levels
--------------------------------------------------------------------------

To determine how matrix density affects the energetic state of cells during migration, MDA-MB-231 cancer cells coexpressing PercevalHR and pHRed were seeded in three-dimensional collagen matrices of different densities (1, 3, and 5 mg/ml), and stepwise cell speed, net migration, and intracellular ATP:ADP ratio were measured. Many factors can alter the amount of ATP:ADP inside a cell, such as intracellular pH, stress, signaling activities, and metabolic and catabolic processes ([@B52], [@B53]; [@B14]; [@B36]). Further, many fluorescent proteins and biosensors like PercevalHR are pH sensitive, and pH bias must be accounted for to avoid misinterpretation of sensor values. Here, pH bias was removed via use of the fluorescent pH biosensor, pHRed (Supplemental Figure S1). The pHRed sensor allows for the PercevalHR sensor to be normalized for pH variations due to various cell states (Supplemental Figure S2; [@B52]). Confocal reflectance images were taken to visualize the collagen fibrillar structure, along with corresponding cells' energy levels ([Figure 3A](#F3){ref-type="fig"}). Cell speed and net migration decreased when matrix density increased for cells in both high and low glucose levels ([Figure 3, B and C](#F3){ref-type="fig"}). Interestingly, cells exhibited significantly less intracellular ATP:ADP in three-dimensional collagen matrices of lower density ([Figure 3D](#F3){ref-type="fig"}). These data suggest that cells require more energy for their migration and remodeling efforts in denser matrices.

![Effect of matrix density on ATP:ADP ratio and cell migration in three-dimensional collagen matrices. (A) Confocal reflectance images of collagen gels and representative pH-corrected PercevalHR ratios of MDA-MB-231 cells coexpressing PercevalHR and pHRed cultured in a 1, 3, and 5 mg/ml three-dimensional collagen matrix. Quantification of cell (B) stepwise cell migration speed and (C) net migration for increasing collagen density when cultured in DMEM with 10% serum and 25 mM glucose (gray) or DMEM with 10% serum and 0 mM glucose (white) (*n* = 30 cells per treatment from three independent experiments). Quantification of (D) pH-corrected PercevalHR ratiometric signal, (E) 2-NBDG uptake, and (F) ATP hydrolysis rate of cells cultured in three-dimensional collagen matrices of varying density (*n* = \[D\] 30, \[E\] 45, \[F\] 30 cells from three independent experiments). (G) Stepwise speed and accompanying pH-corrected PercevalHR ratiometric signal of individual cells cultured in three-dimensional collagen matrices of varying density averaged across 12--18 h of culture. Each data point represents an individual cell (*n* = 33 cells from three independent experiments). (H) Stepwise speed and pH-corrected PercevalHR ratiometric signal and of an individual, migrating cell cultured in 1, 3, and 5 mg/ml 3D collagen matrices over 1 h, and comparison of corresponding temporal cross-correlation analysis between stepwise speed and normalized PercevalHR ratiometric signal at each matrix density (*n* = 20 cells from three independent experiments). Box-and-whisker plots show medians and 25th/75th and 5th/95th percentiles. Bars denote mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 for one-way ANOVA with Tukey's HSD post-hoc test, and one-sample *t* test, which was used to determine the significance of lag for temporal cross-correlation comparison. Scale bars = 20 µm.](1fig3){#F3}

The driving mechanism of cell metabolism under these conditions still remained unclear. For instance, if higher matrix density causes cells to reduce cellular activity that requires myosin turnover, then ATP hydrolysis would be expected to be reduced. In this case, relative to other conditions with higher ATP hydrolysis, the PercevalHR ratio may appear higher and create the illusion of the cell requiring more energy for migration and remodeling efforts in denser matrices. Similarly, if glucose uptake is increased, one would expect metabolic processes to increase the PercevalHR ratio as intracellular ATP stores are increased. To isolate these two variables, we first studied the relationship between glucose uptake and collagen density. Using the fluorescent glucose analogue 2-NBDG we observed that cells in higher-density collagen had a significant increase in their glucose uptake after 24 h relative to cells in lower-density matrices ([Figure 3E](#F3){ref-type="fig"}). We next studied the rate of ATP hydrolysis as a function of matrix density by pharmacologically inhibiting oxidative phosphorylation and glycolysis and measuring the decrease in ATP:ADP levels over time. We found that cells cultured in higher-density matrices exhibited significantly increased ATP hydrolysis relative to those in lower-density matrices ([Figure 3F](#F3){ref-type="fig"}). Together, these results support our original hypothesis that cells require more energy for migration and remodeling efforts in denser matrices; cells increase both their energy production and rate of energy consumption to transverse more demanding environments.

ATP usage and compartmentalization has been linked to cytoskeletal dynamics involved in migration ([@B7]; [@B58]). Recent work has also shown that localized energy production is required for cancer cell migration. Mitochondria traffic to pseudopodia at the leading edge of migrating cells to meet energy demands ([@B68]), and deficient mitochondrial trafficking to the cell cortex reduces ATP:ADP and disrupts actin-based membrane reorganization needed for migration ([@B69]). To investigate further the relationship between cellular ATP:ADP and cytoskeletal usage, we captured PercevalHR measurements over time and correlated these with changes in stepwise cell speeds. The data revealed that, as expected, cell speed over 12--18 h of culture was reduced as matrix density is increased, and ATP:ADP levels increased as matrix density is increased ([Figure 3G](#F3){ref-type="fig"}). Notably, cells in lower-density matrices achieved much higher stepwise speeds utilizing similar levels of intracellular ATP:ADP compared with cells in higher-density matrices. During migration over a 1 h interval, cell stepwise speed was found to be correlated with intracellular PercevalHR ratio across all matrix densities ([Figure 3H](#F3){ref-type="fig"}). With increasing matrix density, lower velocity and higher ATP:ADP ratios were observed over 1 h, similarly to measurements averaged over 12--18 h. ATP:ADP ratio decreased during cell migration, indicating ATP consumption, and increased while cells were stationary, indicating ATP production ([Figure 3H](#F3){ref-type="fig"}). The corresponding temporal cross-correlation comparison of stepwise speed and ATP:ADP ratio exhibited significant positive correlation independent of collagen density; however, only in a 5 mg/ml collagen matrix was significant temporal lag seen ([Figure 3H](#F3){ref-type="fig"}). Together, these data suggest cells increase energy consumption for migration through more demanding environments, and they increase ATP production to compensate.

Our data have shown that increased levels of glucose in the extracellular space correlated with increased intracellular ATP:ADP levels. Curiously, migratory speeds and net migration in collagen matrices were not statistically significant with respect to glucose presence ([Figure 3, B and C](#F3){ref-type="fig"}). The increased ATP:ADP level can be attributed to heightened metabolic activity and increased ATP production. Similar migration speeds in cells with glucose present or absent may indicate either that the amount of ATP needed for migration is met by cells in both conditions or that, in high-glucose environments, cells operate less efficiently such that the rate of ATP hydrolysis is higher relative to their lower glucose condition counterparts. The internal energy depot of the cell regulates the internal competition between developing an invasive or proliferative phenotype ([@B24]). A cell needs to expend a certain amount of ATP to migrate; however, a cell in a high-glucose environment can generate higher ATP:ADP levels than a cell absent of extracellular glucose. Thus, the amount of ATP utilized by a cell can be independent of migration capability, as long as the cell meets the minimal ATP requirement to complete migration. In low-glucose environments, it is beneficial for cells to adapt an invasive phenotype due to the lower amount of energy necessary for migration compared with proliferation ([@B24]). Interestingly, cells with an invasive phenotype demonstrated higher successful migration under low-energy conditions and are not as efficient at migration when energy resources are high ([@B24]). Further, tumor cells have been shown to maintain energy production for migration under nutrient-deprived conditions through metabolic reprogramming of mitochondrial bioenergetics ([@B8]).

Energy is required for cell migration through the tumor stromal ECM in vivo and three-dimensional collagen gels in vitro. Our data indicated that more challenging ECM microenvironments (higher-density collagen) results in increased intracellular energy levels, where cells consume larger amounts of ATP during migration and overcompensate with increased ATP production. This result is in contrast to the inverse conclusion of [@B38], where a decreased ATP level was observed within the cell population cultured in high-density matrices. One possible explanation is a selection bias between cells chosen for the studies. Here, live, single cells were selected such that it was clear they were migrating, while Morris *et al.* utilized a boiling water method to dissolve the entirety of the matrix, which selects for the entire cell population. The latter likely includes cells that are dying and/or dormant, possibly due to the high energy cost of migration through high-density collagen matrices and maintaining correspondingly low levels of intracellular ATP.

ECM alignment induces cell migration and reduces intracellular ATP:ADP levels
-----------------------------------------------------------------------------

Given that increased collagen density results in decreased matrix pore size and an increased ATP:ADP ratio, we sought to determine whether preorganizing the matrix into a migration-permissive structure reduces the cellular energy demand and results in a lower ATP:ADP ratio in cells. To test this hypothesis, we aligned collagen fibers in a 1.5 mg/ml collagen matrix ([Figure 4, A and B](#F4){ref-type="fig"}), which has been shown to facilitate migration both in vitro and in vivo ([@B50]; [@B41]; [@B40]; [@B43]; [@B11]). Cell migration velocity and net migration increased in aligned matrices compared with randomly oriented matrices of the same density ([Figure 4, C and D](#F4){ref-type="fig"}). Accordingly, cells expressed significantly lower intracellular ATP:ADP ratios for aligned collagen matrices compared with those in random matrices ([Figure 4D](#F4){ref-type="fig"}). Further, cells in aligned matrices had decreased 2-NBDG uptake and ATP hydrolysis, indicating lowered ATP production and ATP consumption, respectively. ([Figure 4, F and G](#F4){ref-type="fig"}). These data indicate that easing the effort required by cells to migrate by aligning the collagen fibers lowered the ATP consumption required for migration. Overall, our results indicate that a cell's local structural environment affects its regulation of ATP and ADP levels, as well as its ability to migrate in three-dimensional matrices. Taken together, these data suggest cells operate at demand-driven levels of energy to migrate through various matrix conditions.

![Reduction in ATP usage in cells cultured in three-dimensional collagen matrices with aligned fibers. (A) Confocal reflectance of an aligned and randomly oriented 1.5 mg/ml three-dimensional collagen matrix with representative pH-corrected PercevalHR ratios of MDA-MB-231 cells coexpressing PercevalHR and pHRed. Collagen is pseudo-colored corresponding to fiber angle. (B) Collagen fiber alignment in aligned and randomly oriented collagen matrices (*n* = 30 images from three independent experiments). Quantification of cell (C) stepwise cell migration speed and (D) net migration in aligned and random collagen matrices (*n* = 30 cells from three independent experiments). Quantification of (E) pH-corrected PercevalHR ratiometric signal, (F) 2-NBDG uptake, and (G) ATP hydrolysis of cells cultured in three-dimensional aligned and random collagen matrices (*n* = \[E\] 40, \[F\] 45, \[G\] 40 cells from three independent experiments). Box-and-whisker plots show medians and 25th/75th and 5th/95th percentiles. Bars denote mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01 for Wilcoxon rank test. Scale bars = 20 μm.](1fig4){#F4}

Contractility and migratory inhibitors decrease intracellular ATP:ADP levels
----------------------------------------------------------------------------

Since cells require energy to migrate and cells typically produce ATP to fulfill their energetic needs ([@B4]; [@B64]), we hypothesized that if migration was pharmacologically inhibited, ATP:ADP levels would decrease. To inhibit migration, we employed pharmacological inhibitors against Rho-associated kinase (ROCK), phosphoinositide-3- (PI3) kinase, myosin light-chain (MLC) kinase, and actin polymerization. ROCK is a key regulator of cytoskeletal organization and cell contractility and therefore migration ([@B44]; [@B2]). By reducing cytoskeleton turnover, ROCK inhibition via Y27632 will impede cells from migrating. PI3-kinase is a major regulator of migration guidance in cells in relation to their extracellular environment ([@B28]; [@B30]). Inhibiting PI3-kinase via LY294002 reduces a cell's ability to direct and regulate its migration efforts. MLC kinase is a critical factor in regulating cell contractility ([@B51]; [@B47]). This contractility plays a pivotal role in cell protusion and retraction, and MLC kinase inhibition via ML7 subsequently affects cell migration. Latrunculin A (LatA) treatment prevents actin polymerization in the cytoskeleton by binding to free G-actin in the cytosol ([@B1]; [@B5]; [@B46]). This inhibits the cell's ability to remodel its cytoskeleton to facilitate migration. Each of these inhibitors was chosen as they reduce a cell's ability to spread and migrate in three-dimensional matrices.

Although some of these inhibitors may indirectly block homeostatic ATP hydrolysis, which could cause an increase in intracellular ATP:ADP, it has been noted that cells will stop producing ATP as their ATP requirements decrease ([@B63]), and therefore an increase in ATP levels would not occur. All of these pharmacological drugs inhibit cell migration indirectly by hindering cytoskeleton dynamics. Drugs that stimulate actin cytoskeletal polymerization (e.g., jasplakinolide), stabilize the actin fibers (e.g., phalloidin), or stabilize microtubules (e.g., paclitaxel) were not tested here. However, these cytoskeletal stimulators may have interesting effects on ATP:ADP ratios, such as potentially increasing ATP as cells maximize utilization of their cytoskeleton for migration. Our results indicate that cells treated with contractility/migration inhibitors exhibited a statistically significant decrease in intracellular ATP:ADP in three-dimensional culture ([Figure 5, A and B](#F5){ref-type="fig"}). Cells treated with inhibitors also had decreased 2-NBDG uptake and lowered ATP hydrolysis ([Figure 5, C and D](#F5){ref-type="fig"}). These results demonstrate that ATP utilization is linked to cellular contractility and a cell's ability to migrate. Together, these findings support the concept that energy generation is driven by demand based on cellular need, and inhibiting migration lowers the capacity for ATP utilization.

![Reduction of ATP usage in cells by migration inhibition. (A) Representative pH-corrected PercevalHR ratios of MDA-MB-231 cells coexpressing PercevalHR and pHRed cultured in a 1.5 mg/ml collagen matrix treated with complete media (CM), vehicle control (DMSO), Y27632 (Y27), LY294002 (LY), ML7, and Latrunculin A (LatA). Quantification of (B) pH-corrected PercevalHR ratiometric signal, (C) 2-NBDG uptake, and (D) ATP hydrolysis for cells cultured in 1.5 mg/ml collagen matrices across inhibitor treatments (*n* = \[B\] 40, \[C\] 45, \[D\] 30 cells from three independent experiments). Box-and-whisker plots show medians and 25th/75th and 5th/95th percentiles. Bars denote mean ± SEM. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 for Wilcoxon rank test for each condition compared with control (CM, complete media). Scale bar = 20 μm.](1fig5){#F5}

Conclusion
----------

There is significant research on how the tumor stromal ECM promotes tumor growth ([@B18]), metastasis from a primary tumor ([@B32]; [@B43]), and tumor locoregional recurrence ([@B33]). However, little is known about how the ECM regulates metabolic processes. The PercevalHR ATP:ADP sensor is an effective and uniquely capable tool for studying the thermodynamics of live, single-cell cancer studies. Our data reveal that the local microenvironment affects cancer cells' ability to efficiently migrate through the ECM and their energy generation and consumption. Denser collagen matrices impede a cell's ability to migrate and therefore increase the amount of energy cells require to move. Additionally, aligned collagen promotes cell migration and reduces the energy needed for cells to migrate. Changes in intracellular ATP:ADP levels during migration were directly tied to changes in cell speed. Together, these results suggest that one mechanism by which the properties of the local ECM affect three-dimensional cancer cell metastatic invasion is through intracellular energy utilization. Future work should include understanding these differences more deeply as well as analyzing single-cell rates of ATP change as cells perform tasks associated with the various cancer hallmarks including proliferation, extravasation and intravasation, and collective invasion.

MATERIALS AND METHODS
=====================

Cell culture and reagents
-------------------------

Metastatic MDA-MB-231 breast adenocarcinoma cells (HTB-26; American Type Culture Collection, Rockville, MD) were maintained in DMEM (4.5 g/l \[25 mM\] glucose; Life Technologies, Grand Island, NY), supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA), and 100 U/ml penicillin and 100 µg/ml streptomycin (Life Technologies). HEK293T cells were cultured in MEM supplemented with 10% FBS and 100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen). All cells were cultured at 37°C and 5% CO~2~, fed every other day, and passaged at 85% confluence. All cell culture, fluorescence imaging, and time-lapse imaging were performed at 37°C and 5% CO~2~. All cell lines used were tested for mycoplasma and deemed free of contamination.

DNA constructs and lentiviral transductions
-------------------------------------------

FUGW-PercevalHR (Addgene plasmid \#49083) and GW1-pHRed (Addgene plasmid \#31473) were gifts from Gary Yellen (Harvard Medical School, Boston, MA), and both were coexpressed in the cell population. The pHRed sensor was inserted into the pFUW-CMV vector using *Bam*H1 and *Eco*R1 restriction sites to generate pFUW-CMV-pHRed. PercevalHR and pHRed lentiviral particles were prepared by transient transfection of HEK293T cells with the lentiviral expression vectors and the second generation packing constructs psPAX2 and pMD2.G in the presence of TransIT-LT1 (Mirus). Lentiviral particles were harvested from the HEK293T supernatant at 48 and 72 h posttransfection and concentrated 100-fold with Lenti-X Concentrator (Clontech) followed by stable MDA-MB-231 cell transduction in the presence of 8 µg/ml polybrene overnight (Santa Cruz Biotechnology).

Two-dimensional cell seeding and three-dimensional cell encapsulation
---------------------------------------------------------------------

In two-dimensional studies, MDA-MB-231 cells were seeded in 96-well glass-bottom dishes (MatTek Corporation, Ashland, MA) at 16,000 cells/cm^2^. Cells were overlaid with culture medium and allowed to adhere and spread overnight in a temperature-, humidity-, and CO~2~-controlled incubator. In three-dimensional studies, MDA-MB-231 cells were seeded at 125,000 cells/ml in three-dimensional collagen matrices prepared from acid-solubilized type I rat tail tendon collagen as previously described ([@B12], [@B13]). Collagen solutions were made from a 10 mg/ml collagen stock solution diluted with cooled DMEM complete and neutralized to pH 7.0 with 1 N NaOH. Neutralized collagen solution (300 µl) was pipetted into an 8-mm-diameter circular polydimethylsiloxane (PDMS) mold placed on a 50-mm glass-bottom dish (MatTek Corporation, Ashland, MA), and gels were then allowed to polymerize at 37°C for 30 min before being overlaid with culture medium. This created three-dimensional collagen matrices ∼10 mm thick. For glucose, serum, alignment, and inhibitor studies, a 1.5 mg/ml collagen gel was used. For density studies, collagen density was altered among 1, 3, and 5 mg/ml. The fiber structure of three-dimensional collagen matrices was visualized using a Zeiss LSM700 confocal microscope equipped with a 405-nm laser and 40×/1.1 N.A. water-immersion objective. For all experiments, cells were allowed to adhere and spread overnight in a temperature-, humidity-, and CO~2~-controlled incubator.

Matrix alignment
----------------

Collagen matrices were aligned by using a magnetic field to pull paramagnetic polystyrene beads (PM-20-10; Spherotech, Lake Forest, IL) through the collagen during matrix polymerization in a custom cell culture device ([@B20]). The custom cell culture device comprises a 20 × 20 mm PDMS square with two 8 × 8 mm wells removed from each side. The PDMS walls were then bonded to a No. 1 coverglass on the bottom and ends. Paramagnetic polystyrene beads were combined with the cell/collagen solution at 1% (vol/vol). This solution was added to one well of the custom cell culture device, while the other well was filled with the same solution without metal beads as a comparable random matrix control. The custom device was placed next to a neodymium magnet (BZX0Y0X0-N52; K&J Magnetics, Pipersville, PA) with surface field strength \>4 kG to induce the magnetic field on the metal beads. Matrices were allowed to polymerize for 30 min at room temperature before being overlaid with culture medium.

The fiber structure of collagen matrices was visualized using a Zeiss LSM700 confocal microscope equipped with a 405-nm laser and 40×/1.1 N.A. water-immersion objective. Fiber orientation was then analyzed in ImageJ using OrientationJ. Pixel orientation relative to horizontal was used to pseudocolor collagen matrix images.

Live-cell fluorescence microscopy
---------------------------------

For PercevalHR measurements, cells were imaged on a Zeiss LSM700 confocal microscope using a 40×/1.1 N.A. long working distance water immersion objective. PercevalHR was excited using a 488- and 405-nm laser, for the MgATP-bound conformation and ADP-bound conformation, respectively. Emission was collected through a 420--550-nm bandpass filter. pHRed was excited using a 488- and 405-nm laser, and emission was collected through a 560-nm longpass filter. Four channel image sets were taken with no delay between individual channel acquisitions. For time-lapse studies involving PercevalHR, cells were imaged on a Zeiss LSM700 confocal microscope using a 20×/0.8 N.A. objective. To account for color aberration between objectives, a correction factor was applied to PercevalHR and pHRed signals collected using the 20×/0.8 N.A. objective. For all other migration studies, time-lapse phase contrast imaging was performed on a Zeiss Axio Observer Z1 inverted microscope equipped with a Hamamatsu ORCA-ER camera and 10×/0.3 N.A. objective. All images were collected \>200 μm above the bottom surface and edges of three-dimensional matrices to avoid edge effects.

Quantification of PercevalHR ratiometric signal
-----------------------------------------------

All images were analyzed using ImageJ. Background pixel intensity was measured for each channel from each image and subtracted from the entire image to minimize interference by background noise. To calculate ATP, ADP, pH1, and pH2 intensities, a region of interest was drawn around each cell, and mean pixel intensity of the whole cell was acquired. For this study, cells were randomly selected for analysis with the only requirement that they were elongated to ensure they were migrating and sufficiently isolated from other cells and surfaces to prevent any overlap of signal when traced or edge effects, respectively. PercevalHR ratios were calculated by dividing the ATP by ADP fluorescence intensities for a given cell. Owing to pH sensitives of the PercevalHR sensor, approximate removal of pH bias was performed using the RFP-based sensor, pHRed. pHRed ratios were calculated by dividing the pH1 by pH2 fluorescence intensities for a given cell. To remove pH bias, a pH calibration was performed as previously described ([@B52]). Briefly, a treatment of 15 mM NH~4~Cl was applied to induce a transient alkalinization of the cytosol and maintain an approximately constant ATP:ADP while altering intracellular pH. The pH calibration was performed over a short period of time (3--4 min) to minimize metabolic stress on the cell. A linear correlation was then made between the uncorrected PercevalHR signal and pHRed signal to predict pH bias (Supplementary Figure S1). The linear relationship was used to transform pHRed signal to predict changes in PercevalHR due exclusively to change in pH, as previously reported ([@B52]). The signal was then normalized by dividing the uncorrected PercevalHR by the transformed pH-corrected signal to approximately correct for predicted pH artifacts. pH correction was performed for density, alignment, and inhibitor studies. Unless otherwise specified, cells were imaged 24 h after seeding or encapsulation.

Glucose uptake analysis
-----------------------

After 24 h of culture, MDA-MB-231 cells were incubated in the presence of the fluorescent glucose-analogue 2-NBDG (Invitrogen). 2-NBDG was added to phenol-red free complete DMEM at a final concentration of 0.146 mM. Cells were incubated for 24 h and then fixed in 3.2% paraformaldehyde (Sigma-Aldrich) for 15 min at room temperature. Samples were washed overnight in 1× phosphate-buffered saline at 4°C and then imaged using a Zeiss LSM700 confocal microscope equipped with a 40×/1.1 N.A. water-immersion objective. 2-NBDG was excited using a 488-nm laser, and emission was collected through a longpass 490-nm filter. A region of interest was drawn around each cell, and mean pixel intensity of the whole cell was acquired to determine glucose uptake. Background pixel intensity was measured for each image and subtracted from the entire image. For this study, elongated and migrating cells were selected for analysis.

ATP hydrolysis analysis
-----------------------

MDA-MB-231 cell oxidative phosphorylation and glycolysis were inhibited using antimycin A (10 µM; Sigma-Aldrich) and iodoacetate (500 µM; Sigma-Aldrich), respectively, to inhibit ATP production. After 24 h of culture, culture media was replaced with complete media containing antimycin A and iodoacetate at the indicated concentrations. Treated cells were incubated for 1 h at 37°C, 5% CO~2~, and then PercevalHR and pHRed signals were collected every 10 min for 3 h using a Zeiss LSM700 confocal microscope equipped with a 20×/0.8 NA objective. The rate of ATP hydrolysis was calculated as the decrease in normalized PercevalHR ratiometric signal over time.

Cell migration analysis from time-lapse imaging
-----------------------------------------------

For migration studies, cells were analyzed between 12 and 18 h after seeding to allow the majority of the cell population enough time to adhere and migrate. Cells were imaged every 20 min during this 6 h period. Stepwise velocities were calculated by determining the displacement of the center of the cell body over time. Net migration was calculated as the maximum displacement of the center of cell body from its point of origin. To correspond the relative cellular ATP levels to cell stepwise velocity across conditions, PercevalHR and pHRed signals were also collected with cell body centroid measurements every 20 min and averaged for each cell. To determine how fluctuations in stepwise velocity correlate to changes in PercevalHR ratiometric signal, PercevalHR and pHRed signals in cells as well as cell body displacement was measured every 1 min for 1 h. To reduce noise, velocity and PercevalHR ratio were then smoothed in MATLAB (R2015b) using lowess regression. Temporal cross-correlation of cell velocity and PercevalHR ratio was calculated in MATLAB (R2015b).

Inhibition of cell migration
----------------------------

For inhibitor studies, the following reagents were used: ROCK inhibitor Y27632 (10 µM; VWR, Radnor, PA), PI3-kinase inhibitor LY294002 (20 µM; EMD Millipore, Billerica, MA), MLC kinase inhibitor ML7 (20 µM; EMD Millipore), and actin cytoskeleton inhibitor Latrunculin A (2 µM; Krackeler Scientific, Albany, NY). The culture media in each well was replaced with fresh complete media containing each inhibitor at the indicated concentration. Cells were also treated with 0.1% (vol/vol) dimethyl sulfoxide (DMSO) in culture media to serve as a vehicle control. Treated cells were incubated for 1 h at 37°C, 5% CO~2~ before being imaged.

Statistical analysis
--------------------

All statistical analysis was performed using GraphPad Prism 7.0b (GraphPad Software, San Diego, CA). Data are presented as box-and-whisker plots showing the median, 25th/75th percentiles as the box edges, and 5th/95th percentiles as the bars, or bar graphs expressed as mean ± SEM. Data were compared by one-way analysis of variance (ANOVA) followed by a Tukeys honestly significant difference (HSD) post-hoc test or a nonparametric Wilcoxon rank test. A one-sample *t* test was used to determine significance of lag for temporal cross-correlation comparison of stepwise speed and PercevalHR ratio.
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ADP

:   adenosine diphosphate

ATP

:   adenosine triphosphate

ECM

:   extracellular matrix

2-NBDG

:   2-\[*N*-(7-nitrobenz-2-oxz-1,3-diazol-4-yl)amino\]-2-deoxyglucose.
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